ABSTRACT Background: Plant-based and fiber-rich diets high in vegetables, fruit, and whole grains are recommended to prevent cancer and chronic conditions associated with renal cell carcinoma (RCC), such as obesity, hypertension, and diabetes. Diet may play a role in the etiology of RCC directly and/or indirectly. Objective: In a large prospective cohort of US men and women, we comprehensively investigated dietary intake and food sources of fiber in relation to RCC risk. Design: Participants of the NIH-AARP Diet and Health Study (n = 491,841) completed a self-administered questionnaire of demographics, diet, lifestyle, and medical history. Over 9 (mean) years of followup we identified 1816 incident cases of RCC. HRs and 95% CIs were estimated within quintiles by using multivariable Cox proportional hazards regression. Results: Total dietary fiber intake was associated with a significant 15-20% lower risk of RCC in the 2 highest quintiles compared with the lowest (P-trend ¼ 0.005). Intakes of legumes, whole grains, and cruciferous vegetables were also associated with a 16-18% reduced risk of RCC. Conversely, refined grain intake was positively associated with RCC risk in a comparison of quintile 5 with quintile 1 (HR: 1.19; 95% CI: 1.02, 1.39; P-trend = 0.04). The inverse association between fiber intake and RCC was consistent among participants who never smoked, had a body mass index [BMI (in kg/m 2 )] ,30, and did not report a history of diabetes or hypertension. Conclusions: Intake of fiber and fiber-rich plant foods was associated with a significantly lower risk of RCC in this large US cohort. This trial was registered at clinicaltrials.gov as NCT00340015.
INTRODUCTION
Renal cell carcinoma (RCC) accounts for nearly all cancers of the kidney in adults. Although relatively rare (diagnosis in 1 of 67 men and women during their lifetime), the age-adjusted incidence of RCC has been steadily increasing in the United States, doubling over the past 3 decades (1). This incidence is in accordance with the growing epidemic of obesity and hypertension, which along with smoking account for the most well-established risk factors for RCC (2) . Surprisingly, the role of dietary factors is not well understood.
Plant-based and fiber-rich diets high in vegetables, fruit, and whole grains are recommended for the prevention of cancer and chronic conditions positively associated with RCC incidence, such as hypertension and diabetes (3, 4) . Thus, diet may play a role in RCC etiology directly and/or indirectly. A pooled analysis of 13 prospective cohorts suggests that there may be great promise for fruit and vegetables in RCC prevention (5, 6) , whereas the limited evidence from individual studies is not wholly consistent (7) (8) (9) (10) , and the mechanisms remain unclear. Beyond free radical scavenging antioxidants and phytochemicals, fiber is an important component of fruit and vegetables with a potential role in cancer prevention and body weight and blood glucose control (11) . Dietary fiber also has the potential to lower RCC risk by reducing systemic and/or chronic inflammation (12) (13) (14) (15) (16) (17) . However, there are little prospective data for intake of fiber and other key food sources, such as whole grains and legumes, in relation to RCC risk.
In a large US cohort, we prospectively investigated the dietary intake of fiber and fiber-rich plant foods in relation to RCC risk. Because diet and lifestyle may modulate intermediate risk factors in RCC etiology, we further examined whether associations varied by BMI, history of hypertension or diabetes, and other major RCC risk factors.
SUBJECTS AND METHODS

Study cohort
The NIH-AARP Diet and Health Study is a large prospective cohort of US men and women aged 50-71 y residing in 6 states (California, Florida, Louisiana, New Jersey, North Carolina, and Pennsylvania) and 2 metropolitan areas (Atlanta, GA, and Detroit, MI). At baseline in 1995-1996, participants completed a selfadministered questionnaire of demographics, diet, and lifestyle; details of the study design were described previously (18) . Of those who completed the baseline questionnaire satisfactorily (n = 566,399), we excluded proxy respondents (n = 15,760) and participants with prevalent cancer (as noted by cancer registry or self-report; n = 51,223) or end-stage renal disease (n = 997) at baseline, a mortality report only for any cancer (n = 2143), zero person-years of follow-up (n = 44), or extremely high (men: .6141 kcal; women: .4791 kcal) or low (men: ,415 kcal; women: ,318 kcal) total energy intake beyond twice the IQR of sex-specific Box-Cox transformed intake (19) (n = 4391). After exclusions, the baseline analytic cohort included 491,841 (n = 293,248 men; 198,593 women) participants. An additional questionnaire to collect further information on medical history and other risk factors was sent w6 mo after the baseline questionnaire; 302,162 participants (n = 176,179 men; 125,983 women) responded and met the inclusion criteria above (herein referred to as the "subcohort"). The conduct of the NIH-AARP Diet and Health Study was reviewed and approved by the Special Studies Institutional Review Board of the US National Cancer Institute, and all participants gave informed consent by virtue of completing and returning the questionnaire.
Dietary assessment
Participants were asked to report their usual dietary intake of foods and beverages over the past year in both frequency of intake and portion size in a 124-item food-frequency questionnaire (FFQ) developed and validated by the National Cancer Institute (19, 20) . Nutrient and total energy intakes were calculated by using the 1994-1996 US Department of Agriculture's Continuing Survey of Food Intakes by Individuals (21, 22) . The nutrient database for dietary fiber was informed by the method of the Association of Official Analytic Chemist (23) . Fiber from grains, fruit, vegetables, and legumes (beans) were estimated by summing dietary fiber from all grains, all fruit, all vegetables, and all beans/legumes in the questionnaire, including mixed dishes, respectively. Food groups were created with the MyPyramid Equivalents Database version 1.0, which uses the corresponding recipe files to disaggregate food mixtures into their component ingredients, assign them to food groups, and calculate cup or ounce equivalents (24) . For fruit and vegetables, a 1-cup equivalent (8 oz, 225 g, or 237 mL) is defined as 1 cup raw or cooked vegetables or fruit, 1 cup vegetable or fruit juice, 0.5 cups dried fruit, or 2 cups leafy salad greens (24) . Legume cup equivalents are similarly defined as 1 cup cooked dry beans or peas. For the grain group, a 1-ounce equivalent (28 g ) is defined as 1 regular slice of yeast bread; 0.5 cups rice, pasta, or cooked cereal; or 1 cup ready-to-eat cereal. We additionally investigated fruit and vegetable subgroups (eg, dark-green vegetables, orange vegetables, and starchy vegetables) and botanical families classified according to their phytochemical content and proposed mechanism of action (25) . The FFQ was validated with 2 nonconsecutive 24-h dietary recalls in a subset of the cohort (19, 26) . Energy-adjusted correlation coefficients in men and women, respectively, were 0.72 and 0.66 for dietary fiber intake and 0.72 and 0.61 for total fruit and vegetable intake.
Case ascertainment
Cancer cases were ascertained through linkage with the 8 original state cancer registries plus an additional 3 states (Arizona, Nevada, and Texas), to where participants commonly migrated. The cancer registries are certified by the North American Association of Central Cancer Registries as being $90% complete within 2 y of cancer incidence. The validation of the NIH-AARP Diet and Health study case ascertainment methods are described in detail elsewhere (27 (29) . RCCs not otherwise specified were not included in the subtype analysis (histology code 8312) (29) .
Statistical analysis
All dietary variables were adjusted for total energy intake by using the nutrient density method and are presented for ease of interpretability as grams or servings per 1000 kcal of total energy intake. Residual energy adjustment (30) produced similar results. We evaluated the association between fiber intake and fiber-rich plant food sources in relation to risk of RCC using Cox proportional hazards regression models with person-years as the underlying time metric. HRs, 95% CIs, and P values for linear trend (using the median value within quintiles) are reported across quintiles of intake with the lowest intake quintile representing the referent group. We also examined associations with continuous increments of intake (eg, 10 g/1000 kcal). We confirmed that the Cox proportional hazards assumption was met through assessment of interaction terms for the exposures with follow-up time. Multivariable models included the following covariates: age (modeled as a continuous covariate), sex, education (,8 y, 8-11 y, high school graduate, some college, or college graduate), marital status, family history of any cancer (first-degree relative), race [non-Hispanic white, non-Hispanic black, or other (Hispanic, Asian/Pacific Islander, or American Indian/Alaskan Native], BMI (,18.5, 18.5 to ,25, 25 to ,30, 30 to ,35, $35; in kg/m 2 ), smoking status (never, quit $10 y ago, quit 5-9 y ago, quit 1-4 y ago, quit ,1 y ago or currently smoking and smoked #20 cigarettes/d, or quit ,1 y ago or currently smoking and smoked .20 cigarettes/d), history of diabetes (yes or no), history of hypertension (yes or no), alcohol intake (none, 0 to ,5, 5 to ,15, 15 to ,30, or $30 g/d), and red meat intake (g/1000 kcal; modeled in quintiles). Indicator variables were created for covariates with missing values (smoking status and personal history of hypertension). Exclusion of participants with missing values produced similar results. In the multivariable models, we also mutually adjusted for other dietary factors as appropriate (eg, fruit intake was adjusted for intake of vegetables, legumes, and whole grains, and vice versa). Physical activity was not strongly associated with RCC risk in this cohort (31, 32) , and additional adjustment for activity levels did not materially change estimates in multivariable models.
We assessed whether associations varied by sex, histologic subtype, smoking status, race, BMI, history of hypertension or diabetes, or alcohol intake and conducted a lag analysis excluding the first 2 y of follow-up. We also assessed interactions with red meat intake, because we previously observed associations with RCC risk in this cohort (33) . Statistical tests for interaction evaluated the significance of categorical cross-product terms in the multivariable-adjusted models. All statistical tests were 2-sided and were considered statistically significant at P , 0.05. All statistical analyses were conducted by using SAS 9.2 (SAS Institute Inc).
RESULTS
Over a mean follow-up of 9 y, we ascertained 1816 cases of RCC (n = 498 clear cell, n = 115 papillary cell, n = 1056 not otherwise specified, n = 147 otherwise specified). Participants in the highest compared with the lowest quintile of fiber intake were more likely to be never-smokers and college-educated and were less likely to be obese ( Table 1) . Participants with high fiber intake also tended to consume more fruit, vegetables, and legumes and less red meat than participants with low fiber intake.
Dietary fiber intake was associated with a significantly lower risk of RCC ( Table 2 ). In a comparison of the highest with the lowest quintile, the association was similar for both soluble (HR: 0.83; 95% CI: 0.70, 0.97; P-trend = 0.02) and insoluble (HR: 0.77; 95% CI: 0.65, 0.90; P-trend = 0.01; data in text only) fiber.
However, when we evaluated fiber intake by food source, only fiber intake from legumes was significantly associated with a lower risk of RCC (HR: 0.80; 95% CI: 0.69, 0.93; P-trend = 0.01).
Intake of various fiber-rich plant foods was also associated with a lower risk of RCC ( Table 3) . In a comparison of the highest with the lowest quintile, we observed a significant inverse association with intake of whole grains (HR: 0.84; 95% CI: 0.73, 0.98; P-trend = 0.05) and a positive association with refined grain intake (HR: 1.19; 95% CI: 1.02, 1.39; P-trend = 0.04). Intake of legumes was also significantly associated with a lower risk of RCC (HR: 0.82; 95% CI: 0.70, 0.95; P-trend = 0.01). We observed no association with total fruit and/or vegetable intake. Results were similarly null for intake of whole fruit (excluding juice) and nonstarchy vegetables. In a comparison of the highest with the lowest quintile, we observed a suggestive inverse association for total cruciferous vegetable intake (HR: 0.83; 95% CI: 0.72, 0.97; P-trend = 0.18). When we excluded cabbage/coleslaw from the total cruciferous vegetable group, we found that high intake of broccoli and cauliflower/Brussels sprouts was associated with a statistically significant lower risk of RCC per 100-g/1000 kcal (HR: 0.73; 95% CI: 0.55, 0.98; P = 0.04; data in text only). Similarly, intake of whole citrus fruit (orange, tangerine, tangelo and grapefruit) was inversely associated with RCC per 100 g/1000 kcal (HR: 0.85; 95% CI: 0.74, 0.98; P = 0.03; data in text only). No associations were observed for intake of carrots, corn, tomato, grapes, bananas, white potatoes, yams, or other individually queried items. We also observed no association across various botanical subgroups, such as Curcurbitaceae (eg, cucumber and melon) and Rosaceae (eg, apple, strawberry, pear, and peach/plum) or for color subgroups (eg, green-leafy, dark-green, orange, or yellow vegetables). As shown in Figure 1 , the association between total dietary fiber intake (per 10 g/1000 kcal) and RCC risk did not vary substantially by sex, race, alcohol intake, or history of hypertension (P-interaction . 0.20 for all). Fiber intake was associated with a lower risk of RCC regardless of smoking status (P-interaction = 0.09). We observed similar inverse associations in never-smokers (HR: 0.75; 95% CI: 0.58, 0.97) and current smokers (HR: 0.63; 95% CI: 0.40, 1.00), but the reduction in risk was small and statistically insignificant among former smokers. Body mass was a strong effect modifier of the association between dietary fiber intake and RCC risk (P-interaction = 0.007). Fiber intake was associated with a significantly lower risk of RCC (HR: 0.76; 95% CI: 0.64, 0.91) among nonobese participants (BMI ,30) and was similarly associated with a lower risk in analyses restricted to normal-weight (BMI ,25) participants only (HR: 0.71; 95% CI: 0.51, 0.99; data in text only). However, no association was observed among the obese (BMI $30) participants (HR: 0.99; 95% CI: 0.76, 1.28). Likewise, we observed no association among participants with a history of diabetes (HR: 1.04; 95%: 0.72, 1.52) but observed an inverse association among participants without a history of diabetes (HR: 0.80; 95% CI: 0.68, 0.93; P-interaction = 0.10). Among participants who consumed at least one serving of red meat per day ($50 g/1000 kcal), we observed a strong inverse association between fiber intake and RCC (HR: 0.57; 95% CI: 0.30, 0.82), whereas a weaker inverse association was observed among participants who consumed less red meat (HR: 0.88; 95% CI: 0.75, 1.01), but the interaction was only marginally significant (P = 0.05; data in text only). We observed no clear pattern of associations for fiber or fiber-rich foods by subtype among the subset of RCC cases with a more specific histopathologic classification.
DISCUSSION
In this large US cohort of middle-aged adults, dietary fiber intake was associated with a lower risk of RCC and was consistent among participants who never smoked, were not obese, and did not report a history of diabetes or hypertension. Over the past 2 decades, the association between fiber intake and RCC risk has been reported in one other prospective cohort (34) and in a handful of case-control studies (35) (36) (37) (38) (39) . In the 2 largest studies, no association was observed in the European Prospective Investigation into Cancer (34), whereas total dietary fiber intake was inversely related to RCC risk in a large Canadian population-based case-control study (35) . In clinical trials and prospective studies, dietary fiber intake has been linked to markers of renal health and cancer risk, including lower systemic inflammation and blood pressure levels, and to improved insulin sensitivity (4, 12, 40, 41) .
Although our findings for dietary fiber intake were consistent across most RCC risk factors, including smoking status, alcohol intake, and history of hypertension, we observed no association between fiber and RCC among participants who were considered obese (BMI $30) or had a positive history of diabetes. The lack of an association in these 2 groups may reflect the modest effect of a single dietary component in cancer risk compared with the interplay of multiple carcinogenic and inflammatory mechanisms associated with obesity (42) . However, it may also suggest that maintenance of normal body weight and/or normal blood glucose may be one pathway through which fiber intake may lower the risk of RCC. Fiber slows digestion and the postprandial glucose response by slowing the entry of glucose into the bloodstream, thereby reducing insulin stimulation (43) . Because a fiber-rich meal is processed more slowly and nutrient absorption occurs over a greater period of time, fiber is linked to a number of positive effects on obesity-and insulin-related factors, including satiety, weight management, adiponectin levels, and diabetes risk (4, 44, 45) . Beyond effects on weight and blood Cox proportional hazards regression model was adjusted for age, sex, education, race, marital status, family history of any cancer, BMI, smoking status, hypertension, diabetes, and intake of alcohol, red meat, and total energy; fruit, vegetables, legumes, and whole grains were mutually adjusted for each other.
2 MyPyramid Equivalents Database grains: 1 oz equivalent (28 g) = 1 slice bread; 0.5 cups rice, pasta, cooked cereal; 1 cup ready-to-eat cereal.
3 MyPyramid Equivalents Database legumes: 1 cup equivalent (8 oz, 225 g, or 237 mL) = 1 cup cooked dried beans or peas. 4 Does not include legumes. 5 MyPyramid Equivalents Database vegetables and fruit: 1 cup equivalent = 1 cup raw or cooked vegetable or fruit, 2 cups leafy salad greens, 1 cup vegetable or fruit juice, 0.5 cups dried fruit. glucose control, fiber may also play a more direct role in RCC risk. Potentially proinflammatory colonic bacterial metabolism end products, such as phenols, indoles, and amines, are absorbed from the gut and cleared by the kidneys (46) . Thus, a high-fiber diet, by altering gut metabolism, may decrease the generation and absorption of potential toxins (12) . Furthermore, the fermentation of soluble dietary fiber by colonic bacteria produces short-chain fatty acids, which reenter the circulatory system and are linked to many positive effects from improved insulin sensitivity to antiinflammatory and anticancer properties (47) . Among patients with chronic kidney disease, a condition of cumulative renal tissue damage and impaired function, high dietary fiber intake has been associated with lower serum concentrations of inflammatory markers and decreased mortality (12) . Dietary fiber intake was also previously associated with decreased mortality due to cancer and inflammatory diseases in this (16) and other large prospective studies (13) (14) (15) 17) .
Consistent with our findings for dietary fiber intake, some fiberrich plant foods were also related to a lower risk of RCC, including legumes and whole grains. Two renal cancer case-control studies investigated various dietary sources of fiber and reported a significant inverse association for fiber from vegetables, but not grains or fruit (legumes were not evaluated separately) (36, 39) . A single casecontrol study in Uruguay reported a significant inverse association between legume intake and renal cancer (48) , whereas no association was observed in a large US cohort (9) . We found very little previous data on whole grain intake and renal cancer, and only one Italian casecontrol study reported an inverse association for whole grains (49) and a positive association for refined grain food sources, such as bread and pasta (50) . Compared with other dietary fiber sources, legumes contain the highest levels of resistant starch, which resists digestion through the stomach and small intestine until it reaches the bacteria within the colon and delivers many of the benefits of both soluble and insoluble fiber (42) . In addition to fiber, whole grains and legumes are also rich in other vitamins, minerals, and phytochemicals. For example, they each contain phytate or phytic acid (inositol hexophosphate)-a naturally occurring bioactive compound excreted in the urine and shown to inhibit the formation of renal calculi or kidney stones (51); however, there is only limited evidence to suggest that inositol hexophosphate may also play a role in cancer prevention (52) .
Although we did not find total fruit or vegetable intake to be related to RCC risk, we observed suggestive inverse associations for cruciferous vegetables and whole citrus fruit. A pooled analysis of 13 cohorts reported that total fruit and vegetable intake ($600 g/d compared with ,200 g/d) was associated with an w30% reduced risk of RCC (6) . Specific types of vegetables, including broccoli and carrots, were also inversely associated with RCC risk in the previous pooled analysis (6) . However, results from individual cohorts in Europe, the United States, and Finland observed no association for total intake of fruit or vegetables (7, 9, 10) . Similar to our findings, one US prospective investigation reported inverse associations between intake of cruciferous vegetables and vitamin C-rich fruit and vegetables and RCC risk, but only among men (9) . The inverse association between cruciferous vegetables and RCC is further supported by findings in previous case-control studies (38, 39, 53, 54) . Potential synergy among dietary fiber and other components of fiber-rich foods, such as antioxidants and bioactive compounds, challenge our ability to definitively determine whether dietary fiber per se or the other nutrients that are present in fiber-rich foods provide the potential health benefits. However, studies of antioxidant compounds and RCC risk have not yielded consistent results (7, 9, 39, 54) .
To our knowledge, this is the largest prospective investigation of dietary fiber intake and RCC risk to date. Recognizing that a high intake of fiber and fiber-rich plant foods often clusters with a healthier overall eating pattern and lifestyle, we carefully considered the potential role of other risk factors related directly or indirectly to our exposure and outcome and conducted stratified analyses to begin to address this issue. The inverse association between dietary fiber intake and RCC risk remained among participants with healthy characteristics (eg, never-smokers, normal weight, or no history of hypertension), but the possibility of residual confounding by unmeasured or unknown risk factors remains. The cohort provided a wide range of overall fiber intake for analyses, but associations with intake of fiber from various sources was not wholly consistent and was likely measured with some component of error. The finding for legumes and legume fiber is interesting; however, intake was relatively low in this population (median MyPyramid Equivalents Database servings in the highest quintile or top 20% equates to w2 cups of cooked dry beans or peas per week in a 2000-kcal-per-day diet). Further investigation of legumes and other fiber sources in a more ethnically diverse population with a wider range of intake could be informative. The prospective design avoids recall and selection bias, but it is also important to recognize that diet and lifestyle information ascertained by selfreport from older adults at one point in time may not be entirely reflective of lifelong cumulative exposures or the most pertinent time period for RCC etiology. Because of the large number of comparisons, it is also possible that some of our findings may have been due to chance. Our new findings will need to be replicated in other prospective studies and biologically plausible mechanisms further explored.
In this large US cohort, intake of dietary fiber and several fiberrich plant foods were associated with lower risk of RCC. The inverse association between dietary fiber intake and RCC was consistent among participants who never smoked, were normalto-overweight, and did not report a history of diabetes or hypertension but did not hold among participants who were obese or had a history of diabetes. Our results did not definitively point to a particular source or type of fiber and may reflect potential synergy among dietary fiber and other components of fiber-rich foods. Overall, our findings support our hypothesis that plant-based and fiber-rich diets recommended for the prevention of cancer, as well as chronic conditions associated with RCC incidence, may play a role in RCC etiology both directly and indirectly. Our biologically plausible findings bring to light new hypotheses that can be explored further in epidemiologic and laboratory studies.
